Biological activity plays a substantial role in the geochemistry of the Earth's surface. Particularly interesting are effects on clay formation because clays are abundant and have high surface-to-volume ratio, resulting in clays making up a large fraction of the overall mineral-fluid interface and having an effective control of mineral reactions. Thus, biological control on clay composition would affect element budget globally and the mineralogy of subsequent diagenetic processes. Biological acceleration of clay production would result in enhanced clay control of mineral reactions and faster organic C sequestration, by adsorption on clay minerals, with implications for the C and related cycles. We investigated the combined effect of microbial activity and water chemistry on the composition of neoformed clay by reacting volcanic glass with natural waters covering a large composition range (fresh water from a lake and a spring, seawater, and hypersaline water). The microbes (bacteria, fungi, and algae) were totally or partially identified using molecular and microscopy techniques. The solid alteration products were analyzed using cryo-SEM to investigate the mineral-microbe interface and TEM-AEM to study the composition of the neoformed clay. The solution chemistry was also investigated. We found that clay composition was controlled mainly by glass chemistry, rather than biological activity, through a mechanism of in situ transformation. The resulting clay was Al-rich (dioctahedral composition). In one case (inorganic experiment, freshwater lake), the specific inorganic conditions of pH and Mg and Si concentration promoted formation of Mg-rich (trioctahedral clay). Microbes, however, did influence clay composition by confining glass grains in biofilms where water chemistry is significantly different from the bulk solution. Alteration in such conditions generated significant amounts of trioctahedral, Mg-rich clay in the hypersaline water experiment, whereas it favored production of dioctahedral, Alrich clay in the freshwater lake experiment. It is thus demonstrated that biofilms can exert an effective control on clay mineralogy.
introduCtion
Clay formation and transformation represents a significant volume of the geochemical reactions at the Earth's surface (Brownlow 1996) , which in addition of their large surface area, causes them to exert a large control on geochemical reactions in the crust (Cuadros 2012) . Thus, the influence of microbial activity on clay formation and composition, and the relative importance of such effect with respect to inorganic variables (rock and water chemistry, temperature, etc.) are essential information to fully understand the geochemical processes operating near the Earth's surface. Conversely, clays have an important effect on the biota as they provide physical support as well as accessible water and nutrients, organic and inorganic, through cation exchange, colloid and organic adsorption and their own degradation (Chorover et al. 2007) . Although the inorganic conditions that control the composition of neoformed clay minerals are generally understood and physicochemical environments are successfully related to clay mineralogy and chemistry (Chamley 1989) , there are frequent exceptions to such accepted knowledge, seemingly related to the scale and duration of the alteration process. In the early stages of the alteration process, clay mineralogy and chemistry appears to be controlled preferentially by the altered rock, with little or no effect from the chemistry of altering waters (Ghiara et al. 1993; de la Fuente et al. 2002; Proust et al. 2006) . The products of thorough alteration, however, indicate much greater input from the water chemistry (Caballero et al. 1992; Christidis 2008) . Clays formed by mediation of biological activity tend to have low crystallinity (Sánchez-Navas et al. 1998; Konhauser and Urrutia 1999) and variable composition, which suggests a complex combination of controls on clay chemistry among which the mechanism of clay formation is important. Such * E-mail: j.cuadros@nhm.ac.uk † Present address: Department of Chemistry, Faculty of Science and Arts, Ondokuz Mayis University, Samsun 55139, Turkey. mechanisms include crystallization in contact with cell walls (Urrutia and Beveridge 1994; Tazaki 2005) , with extracellular polymeric substances (EPS) secreted by the microorganisms (Barker and Banfield 1996; Ueshima and Tazaki 2001) and precipitation within the cation-enriched biofilms (Sánchez-Navas et al. 1998 ). The present work aims at shedding further light on the inorganic and biological controls on clay formation. Four representative types of water with their microbial fauna (enhanced or suppressed by addition or lack of organic nutrients) were reacted with rhyolitic volcanic glass. The contribution of both water chemistry and biological activity to clay chemistry was evaluated. The questions asked were, do waters of very different chemistry produce clays of different composition? Do microorganisms control the composition of neoformed clay above the inorganic parameters? Do microorganisms accelerate clay formation? Volcanic glass was selected because alteration reactions develop faster than in crystalline phases.
exPerimental methods

Reactions
Rhyolitic volcanic glass with significant Fe and Mg content was chosen to extend the range of available inorganic nutrients. Two glasses (feldspar traces as the only crystalline phase), from Lipari and Milos (collections of the Department of Geology and Paleontology, and Museum of Mineralogy at the Faculty of Geology and Geography, both at the University of Sofia), were mixed (mass ratio of Lipari/Milos = 3.34) to obtain the amount necessary for the experiments. They were ground, homogenized, and dry-sieved to a 150-250 µm size range. The mixture was chemically analyzed (Table 1) after acid attack with HF-HClO 4 -aqua regia in closed bottles in a microwave oven (Thompson and Walsh 2003) , using inductively coupled plasma-atomic emission spectrometry (ICP-AES, in a Varian VISTA PRO). Analytical errors were ±0.2-2.5% (σ) of the measured values. The detection limits ranged from 5 ppm for Sr to 0.05 wt% for CaO.
Four types of natural water were used: spring water (Compton-Abdale, U.K.), seawater (Brighton, U.K.), fresh water (West Reservoir, London, U.K.), and hypersaline water (Las Saladas de Chiprana, Spain). These waters are representative of the major types on Earth's surface. The waters were collected avoiding sediment, filtered (8 µm pore size) and transferred to the experiments within 48 h. Experiments were performed with and without biological activity. The glass (1 g) and water (250 mL) were placed in sterile bottles. The bottles with the inorganic experiments (no biological activity) were closed and kept in the dark. This procedure does not eliminate biological activity completely but proved to reduce it to unobservable levels (i.e., no visual development; see below that microbial development in biological experiments resulted in large biomats). The waters could not be sterilized by heating without altering their chemistry and UV treatment of the large volume required proved ineffective. The lack of light eliminated development of photosynthetic organisms and the lack of organic nutrient avoided development of heterotrophes. Organic nutrients (1-3 mg of glucose and peptone) were added to the biological experiments every 2 weeks. The cap of the bottles was not tightened to allow gas diffusion. For the first few weeks, the cap was removed daily for a few hours to allow microbial contamination and foster biological activity. The bottles were illuminated 12 h a day with artificial greenhouse white light. For all experiments, the usual temperature range was 20-24 °C (absolute range 18.0-28.8 °C) and the average 22 °C. Experiment duration was 6, 10, 14 (1 replicate), and 18 months (3 replicates). After the experiments, the reacted glass from hypersaline and seawater was washed with deionized water to minimize salt precipitation.
Water analyses
Waters were double filtered (8 µm pore size) and chemically analyzed before and after the experiments for a suit of cations (ICP-AES, using a Varian VISTA PRO) and pH (±0.02 pH units uncertainty). Anions were measured in the original waters only (ion chromatography, Dionex DX300) because the added nutrients in the biological experiments produced a large interference. The complete anion concentrations are not shown; they were used to assess speciation in some solutions. Cation detection limits were 0.002-0.1 mg/L, depending on the cation, and uncertainty ±0.1-10% (σ) of the value, depending on element concentration. Anion detection limits in the spring and freshwater lake were 0.02-0.17 mg/L, depending on the anion, and for sea and hypersaline water 1-8.5 mg/L. Uncertainty was ±3% (σ) of the value for fluoride and ±1% (σ) for other anions. Silicon concentration was below 5 mg/L in all original waters (Fig. 1) . The spring water was dominated by Ca (104 mg/L) and CO 3 2-(132 mg/L), with lower levels of Na, Mg, K (5-0.8 mg/L; Fig. 1 ), NO 3 -(51.9 mg/L), SO 4 2-(21.2 mg/L), and Cl − (11.3 mg/L). The fresh water from the lake was dominated by Ca (44.0 mg/L), Na (33.2 mg/L), CO 3 2-(60 mg/L), Cl − (50.1 mg/L), and SO 4 2-(44.1 mg/L), with lower Mg and K (6.4-4.6 mg/L). The composition of the seawater was entirely typical, dominated by Na
, and SO 4 2-(2.7 g/L). The major components of the hypersaline water were Na (18.9 g/L), Mg (16.0 g/L), SO 4 2-(84.5 g/L), and
The pH values of the original solutions were within 7.5-8.2, except the fresh water from the lake, with a value of 9.0.
Analysis of microbial species
Microbial species (bacteria, fungi, and algae) in the original waters, glass, air in the room where the experiments were conducted and in the waters after the experiments (6 and 14 months, in the biological tests only) were identified or some approach to identification was conducted.
A sample of the volcanic glass was placed in 30 mL of sterilized water, stirred vigorously for 10 min and the water was then used in the procedure indicated below. Specific media were prepared for bacteria (nutrient agar from Oxoid), fungi (malt extract agar from Oxoid and Streptomycin and Chlorotetracyclene antibiotics from Sigma Aldrich) and algae and cyanobacteria (3N-BBM+V medium for freshwater algae, F/2 for marine algae, both from Culture Collection for Algae and Protozoa, and BG-11 from Sigma Aldrich for cyanobacteria). One hundred microliters of the water (original waters or water from the procedure to extract biota from the volcanic glass) were pipetted on the corresponding medium with a sterilized pipette. For sampling of the air in the laboratory, two media of each type were left open in the room, for 2 h in the case of bacterial media plates, 2 days for fungi, and 6 weeks for algal media plates. After sampling, the bacterium media were kept at room temperature for 2 days and fungus media were incubated at 25 °C for 1-2 weeks. The algal media were kept for 4-6 months. Bacterial and fungal species were isolated by repeated subculturing on the same media and finally stored at 4 °C.
Algae were visually examined to provide an approximate identification or a description of their morphology, using light microscopes. Bacteria were studied by Gram staining and examination with a light microscope to obtain their staining characteristics and morphology. Bacteria and fungi were further identified using molecular analysis. The DNA was extracted using Power Soil DNA Isolation Kit from Cambio. The 16S (bacteria) and 18S (fungi) rDNA region containing information about the species identity was amplified using Polymerase Chain Reaction (PCR) with a Perkin Elmer GeneAmp PCR System 9600. Amplitaq Gold PCR mix from Applied Biosystems, and pE* and pA primers from Sigma Aldrich were used. The amplified fragments were sequenced with a 3730xl DNA Analyzer from Applied Biosystems and the species identified by matching the sequences against a database of DNA sequences using BLAST (Basic Local Alignment Search Tool). The visual inspection of algae and the molecular analysis of bacteria and fungi were carried out also in the experiments after 6 and 14 months to acquire information about the dynamics of the microbial population. 
Cryo-SEM analysis
Biological 18 month experiments (one replica of each) were analyzed with cryo-SEM to investigate the relation between biofilms, glass, and neoformed minerals. Pieces of the biofilm containing glass grains were sampled and placed in water-saturated atmosphere until analysis. Immediately previous to analysis, they were frozen in subcooled liquid N 2 (-170 °C), fractured to allow observation of mineral-biofilm contact, etched at -70 °C for ∼5 min (ice sublimation to allow observation of the sample surface), and Au-coated. Operations after freezing were carried out in an Oxford Cryotrans CT-1500 unit, attached to the microscope, which is a Zeiss 960 SEM apparatus. Samples were viewed using both backscattered and secondary electrons, and chemically analyzed using an Oxford Link Isis EDX detector.
TEM-AEM analysis
One of each 18 month samples, biological experiments and controls, were analyzed using TEM-AEM to characterize the type of clay products. Some glass grains and part of the biological mat (from biological experiments) were transferred to wide plastic vials. The dry biological mat was broken in fragments. Ethanol of reagent grade was added and the suspension sonified (ultrasound probe) at 60 watts for 30 s. The suspensions were shaken, let to settle for a few minutes, and a few drops from the upper part of the suspension were sampled and deposited on a Cu microgrid with a Formvar film stabilized with C. The study was carried out in a Jeol 2010 TEM apparatus at 200 kV. Chemical analysis (AEM) was performed using an X-Max 80 mm 2 Oxford Instruments detector with Inca software, with acquisition live time of 60 s, after quantitative optimization using the Cu microgrid. The composition of 2:1 phyllosilicate particles was transformed into structural formulas on the basis of O 10 (OH) 2 . The criteria followed were the following. All Si and necessary Al were used to complete the 4 tetrahedral positions. The remaining Al and all Fe (assumed to be Fe 3+ ) and Mg were assigned to the octahedral sheet. Potassium and sodium were assigned to the interlayer sites.
results
There was a large microbial development in the biological experiments. All but the seawater experiments developed a thick biofilm that enveloped the glass grains in a single mass. In the seawater experiments, an extensive, loose biofilm covered the glass grains without holding them together. The microbial colonies contained bacteria, fungi, algae, and protozoa (no identification of protozoa was intended), and evolved during the experiments (Table 2) . Bacteria developed quickly and, seemingly, many of their species disappeared during the experiments. Most fungi and algae needed a longer time or a developed ecosystem to proliferate. Molecular identification of fungi was difficult and frequently unsuccessful. The control experiments showed no apparent biological development.
The cation concentrations in the solutions of biological and control experiments at all reaction times were typically similar (Fig. 1) . Some variations existed between biological and control experiments (e.g., Fig. 1 , Ca in spring water) and between the replicas of the 18 month biological experiments (e.g., Fig. 1 , Na in spring water). These variations indicated modifications produced by the biological activity and differences between the specific biological colonies generated in each experiment. The most defined chemical trend was an exponential increase of dissolved Si with time, except for seawater. Other cations displayed decrease-increase concentration cycles. The pH values were slightly higher (up to 0.6 units) in the biological tests. Iron and aluminum concentrations were typically below the detection limit. For Fe, the detection limit range was 0.01-0.5 mg/L, depending on the dilution due to water salinity. Measured Fe contents were 0.016 mg/L from the original lake fresh water and 6.9-9.3 mg/L in the 18 month experiments with hypersaline water, both biological and inorganic. For Al, the detection limit ranged 0.04-1.0 mg/L. The few Al concentrations measured were in the range 0.041-0.063 mg/L.
The cryo-SEM study was aimed at investigating the interface between the biofilms and the mineral grains, and thus only carried out on the biological experiments. These analyses showed how the biofilm (network of EPS and microorganisms) encapsulated or coated the glass grains (Figs. 2a-2b ). Most glass grains Notes: The room ambient was investigated during the experiments. * Freshwater species according to Graham and Wilcox (2000) , although John et al. (2002) indicate that they also live on mineral and plant surfaces, where water may be solute-saturated. † Mainly freshwater species but Microcystis aeruginosa can live in moderately brackish waters (John et al. 2002) .
revealed pristine surfaces and glass corrosion features were infrequent, although, at times, there were signs of alteration, described below. In the hypersaline water experiments, the inner biofilm medium was a salt brine that crystallized in the cryochamber (Fig. 2a) . The ion concentrations within the biofilms in the fresh water from the lake and spring were lower and there was no salt crystallization occupying the entire volume between glass grains, as with the hypersaline water. However, from the hypersaline water and literature results (Sánchez-Navas et al. 1998; Aouad et al. 2006) , it is assumed that the fluid within the biofilm in freshwater experiments was more concentrated and had a different composition than the bulk solution.
SEM images revealed a range of glass alteration features that were not distinct for the several types of water. These images showed silicate grains of variable Al-Fe-Mg content, compatible with altered glass or neoformed clay and glass mixtures. They appeared in the biofilm-glass interface, mixed with grains of a Ca-rich phase (most likely carbonates, which were abundant as shown by infrared analysis; not shown) and on the glass surface . Analyses focused on the latter because they could be chemically analyzed with the least interference from other phases (however, the quantitative chemical analysis results of alteration products is described with the TEM study below). They had compositions intermediate between clay and glass, which could indicate either thin clay layers on glass or intermediate stages of glass alteration into clay. In addition, some glass grains showed small platy particles that appeared to form in situ (Fig. 2d) . The small size of these particles prevented chemical analysis due to the large background glass contribution. These platy particles are interpreted to result from the transformation of the glass surface into clay, whether complete or incomplete. Similar alteration morphology was observed in experimental hydrothermal alteration of volcanic glass and interpreted in the same way (de la Fuente et al. 2000; Fiore et al. 2001) . Similarly, particles on the surface of experimentally altered obsidian, ►figure 2. Cryo-SEM images of biofilm and glass grains, and EDX spectra of some specific area. In panels b and c, the EDX results are shown numerically for space sake. The results are the integration of the peak areas normalized to Si 100. (a) Backscattered electron image from a hypersaline water experiment of a pristine glass grain (grain with smooth surface) embedded in crystallized salt (area with a pattern of cavities) from the brine within the biofilm. The EDX spectra taken in numerous spots of the patterned surface indicates sulfate and chloride of Na and Mg. The round structure to the left of the glass grain is probably a cell. (b) Backscattered electron image of a glass grain partially covered with a thin film of biological origin (slightly darker contrast area on the left) from one of the hypersaline lake experiments. Most of the glass shows no alteration (spectrum from spot 1) and a smooth surface. The upper zone in the central shallow cavity (spot 2) shows a rough surface and increased Mg concentration that was usually diagnostic of chemical alteration. Unfortunately, Fe information in these spectra was lost (na = not available). although with different morphology, appeared to evolve from allophane to smectite (Kawano et al. 1993) .
TEM-AEM analyses revealed various fine particles of compositions indicating salts (mainly chlorides and sulfates), Ca-rich phases of carbonate or organic nature, and silicates. The carbonates are likely calcite, a frequent product of microbial activity (Ehrlich 1998) . Phases detected less frequently were alunite, with a distinctive Al-K-S signature, and oxides and oxihydroxides, as indicated by compositions entirely dominated by Fe, Mg, Al, or Ti. We did not observe grains with compositions consistent with hydrotalcite. This mineral is sometimes found as a transient product during the alteration of volcanic glass in figure 3. TEM image and AEM spectra of particles with smectite morphology and clay-like composition from the experimental products. (a) Large grain of K-rich clay of beidellitic composition, from one of the 18 month control experiments with spring water. The thin films (top, right) and thick grain (very dark contrast) have the same composition; the white dots indicate two of the spots that were analyzed and produced almost identical AEM spectra. The sharp outline and thickness of the particle suggests in situ chemical transformation of a glass grain. The areas with light gray contrast in the background correspond to the Formvard film on the Cu grid, and the white round areas resembling bubbles are holes in the film. (b) Small particle of a phyllosilicate as indicated by the sharp hexagonal SAED pattern and chemical composition; from one of the 18 month biological hypersaline water experiments. (c) Group of particles from one of the control seawater experiments. The large particle at the top (1) and small one at the bottom (2) have a clay-like composition of beidellitic character. Other particles in the area indicated the presence of non-silicate phases.
Mg-containing systems (Thomassin et al. 1989; Abdelouas et al. 1994) . The silicate particles with compositions consistent with clays also had the typical flaky clay morphology, usually with irregular outlines (Fig. 3) . Some clay-like particles showed glass morphology as indicated by very sharp edges and outline (Fig.  3a) . Such particles support a glass transformation process for clay formation, as suggested by the SEM results. The alteration of volcanic glass grains into clay with the preservation of the original glass morphology has been observed before in hydrothermal alteration of volcanic glass (de la Fuente et al. 2000) , and the mechanism of in situ alteration of glass into clay has been described in synthetic (Thomassin et al. 1989 ) and natural (Alt and Mata 2000) basaltic glass, as well as in rhyolitic glass (Fiore et al. 2001 ). In our results, clay particles with glass-related morphology (Fig. 3a) or comparatively large lateral dimensions (>2 µm in the largest axis) had beidellite-like and K-rich composition (Figs. 3a and 3c) .
AEM analyses of silicate particles (typically <1 µm) were screened using their atomic ratios to identify those corresponding to clays. It was assumed that smectite would be the most likely clay product. The phyllosilicate nature of a few particles was ascertained using electron diffraction (SAED), which showed either typical hexagonal patterns ( Fig. 3b ) with variable extent of streaking or weak, undefined patterns. Such behavior is compatible with smectite, where the small particle size, the few layers in individual crystallites, the relative rotation of the layers, and the curling of the layers with the concomitant lack of uniform crystal orientation all add to produce weak and poor SAED patterns. Indeed, smectite particles with high degree of layer orientation (Fig. 3b) are uncommon. Most cases, the clay nature of the particles was based on their chemical composition. The criterion followed for the selection was 1 ≤ (Si/Al+Mg+Fe) ≤ 2, which covers the composition range of smectite and other 2:1 phyllosilicates (Si ≈ 3-4 atoms per half formula unit) of dioctahedral (Al+Mg+Fe ≈ 2) and trioctahedral (Mg+Al+Fe ≈ 3) character.
The plot of Si/(Al+Mg+Fe) vs. Al/Si ratios from particles with Si, Al, Mg, and Fe as the largely major or only components (Fig.  4) shows abundant particles with composition compatible with Al-rich, dioctahedral clay from montmorillonitic to beidellitic (or illitic, see below) character. Fewer particles have a composition compatible with Mg-rich, trioctahedral clay, mainly in the inorganic experiments with lake fresh water and the biological experiments with hypersaline water. Other data points (outside the fields in Fig. 4 ) probably correspond to altered glass with both, increased and decreased Al-Mg-Fe contents. The plots corresponding to spring, sea and hypersaline water suggest a continuum of chemical changes from the glass that has two opposed trends, one corresponding to Al-Mg-Fe depletion (Si/ [Al+Mg+Fe] > 4, Fig. 4 ; these analyses also display Na, K, and Ca depletion) and the other trend corresponding to an increase of Al-Mg-Fe relative to Si, toward the dioctahedral clay fields (Fig. 4) . The data points within the trioctahedral field and below it are not part from the above trend and do not show any specific chemical pathway of their own from the circumference marking the composition of the original glass.
Similar plots using Mg/Si in the x-axis were created (Fig.  5) to test whether some trend would become apparent between the chemical compositions of the glass and the particles within the trioctahedral field. The only trend occurs in the spring water experiments, where the data points are distributed along two lines joining at Mg/Si ∼ 0.1. In the other cases, the data are distributed approximately in independent vertical and horizontal arrangements.
The compositions within the clay fields in Figures 4 and 5 were transformed into structural formulas for 2:1 phyllosilicates (Table 3) . The results are good matches with smectite of composition ranging from dioctahedral to trioctahedral. Calcium was not detected in analyses of phyllosilicates. Rather, it frequently appeared with S (in good stoichiometric correspondence with gypsum) or in likely carbonate or oxalate phases. The fact that the octahedral occupancy indicates the existence of di-and trioctahedral components in many of the analyses may indicate the existence of layers of one and the other composition or the existence of di-and trioctahedral domains within layers (Deocampo et al. 2009 ). Although smectite is the expected clay product at low temperature, there are frequent cases in which the layer charge is high for smectite (>0.65, values highlighted in bold type, Table 3 ). These particles may be mixed-layer illite-smectite or illite. Interestingly, the tetrahedral Si is also frequently below the expected values for smectite and within the range of illite or illite-smectite. Alternatively, the high-charge formulas may be due to slight salt contamination (see Cl and S peaks in spectra of Fig. 3 ). The last formula in the group of the biological freshwater lake experiments is special in that it probably contains Mg in the interlayer, as there is no Na or K. If 0.57 Mg atoms in the formula are assigned to the interlayer space, the octahedral occupancy would be 3. However, there seems to be contamination with an Mg-phase (brucite?) because the tetrahedral occupancy is low, at only 3.90 atoms. The first of the formulas of the inorganic hypersaline water experiments has low octahedral occupancy (1.90). However, this analysis corresponds to the particle in Figure 3b and there is no doubt that this is a phyllosilicate. It is unclear what produced this anomalous result because all other figures in the formula are within expected ranges. Overall, the formulas show a heterogeneous composition. Besides the fact that TEM-AEM data of individual clay frequently show variability, in the present study the chemical variability may be enhanced by the fact that the particles are newly formed and reflect the composition of glass grains from where they formed or include oxide or oxyhydroxide metal contaminants that alter slightly the cation proportions (bottom values of inorganic lake fresh water, and biological and inorganic hypersaline water experiments).
The octahedral composition of the clays in Table 3 was plotted to assess graphically the effect of water chemistry and microbial activity on the composition of the neoformed clay (Fig. 6) . The spring and seawater experiments produced very similar clay compositions in both biological and control experiments. The great majority of these clay particles were of dioctahedral type, most of them within the montmorillonite composition range (Al > Fe,Mg), and some within the beidellite field (Al >> Fe,Mg; Table 3 ). The experiments with water from the hypersaline and freshwater lakes did show clear and opposite differences between biological and control experiments. Clay particles of biological experiments in hypersaline water had a larger Mg content than the control experiments, whereas in the freshwater lake experiments Mg was less abundant in clay particles from the biological tests. Within each sample, the formulas are arranged with increasing octahedral occupancy. The figures that have unusual values for smectite are highlighted in bold. They correspond mainly to a high layer charge (>0.65) that may be due to clay of illitic nature or the result of K-Na contamination from salt. Estimated analytical errors are ±5% (σ) of the value for Na and K and ±3% (σ) for the other cations. Overall, our results show that glass composition had a large influence on the chemistry of the neoformed clay. The results from experiments with spring and seawater are all similar, with a dominant dioctahedral clay composition, despite the very different water chemistry and the abundant microbial mass in the biological tests. A significant proportion of the clay particles in the hypersaline experiments, especially the inorganic experiments, also had a dioctahedral composition, as well as most clay particles from the biological test in the freshwater lake. These results indicate that clay chemistry was controlled by the glass composition, where Al > Fe > Mg, unless water chemistry were somehow "extreme." Such "extreme" composition occurred within the biofilms in the biological hypersaline experiments, where Mg concentration was very high, and in the inorganic freshwater lake experiments, where pH, Mg, and silica concentrations combined to favor formation of Mg-rich clay (as discussed below). Chemical control from the glass existed probably because the major mechanism of clay formation was the in situ transformation of the glass. In such a transformation, Al was more readily available than other octahedral cations (Mg, Fe), because it was more abundant in the transforming glass, even in environments where Mg was very abundant in the solution. Thus, Mg-rich solutions such as those of inorganic hypersaline and seawater experiments did not result in trioctahedral (Mg-rich) clay formation. If clay in our experiments had formed mainly by precipitation from solution, the great majority of hypersaline and seawater clay particles would be of trioctahedral nature, as Al and Fe concentration in solution was negligible as compared to that of Mg. The occurrence of Al-rich clay consistent with smectite of beidellitic composition has been reported frequently in alteration of glass of different chemistries and altered in varying conditions, such as experimental inorganic alteration of rhyolitic tuff (Kawano and Tomita 1992) and rhyolitic obsidian (Kawano et al. 1993; Kawano and Tomita 1997) , and natural, inorganic alteration of sub-seafloor basaltic glass (Thorseth et al. 2003) .
The observation of silicate particles displaying a continuum in chemical composition from the original glass in two opposite directions: (1) toward cation depletion, and (2) toward dioctahedral clay compositions (Fig. 4) , suggests transformations taking place within the glass. Loss of Al, Mg, and Fe (as well as Na and K, although not shown in Fig. 4) occurs by leaching or by crystallization of clay within the glass matrix, which process produces a depletion of clay-forming cations in surrounding areas of the glass. The crystallization of clay corresponds to the areas of Al-Mg-Fe enrichment. To test the existence of this continuum mathematically, a function was fitted to the data points in the spring water results (Fig. 7) , where the trend is most clear. The result was a function (of the type y = a + {b/[1 + e c(x−d) ]}) with a high-correlation coefficient (R 2 = 0.97). The same function was then applied to the other experiments, excluding data with high Mg/(Fe+Al) ratios (hollow dots in Fig. 7) . Specifically, values were excluded if (both inequalities need to apply in the two cases): (1) Si/Al+Mg+Fe < 2 and Al/Si < 0.35; (2) Si/Al+Mg+Fe < 4 and Al/Si < 0.18. The function was recalculated for each water, allowing the equation coefficients to change. The results were very similar equations with high-correlation coefficients (Fig. 7) . If clay formation was not produced within the glass, as a result of chemical rearrangements of the elements available in it, there would be no reason for such chemical trends to develop. The existence of a single chemical evolution involving glass, altered glass and dioctahedral clay is strong evidence supporting the in situ transformation of glass into dioctahedral clay.
The plot using Mg/Si ratios in the x-axis (Fig. 5) generates two clear trends in the spring water experiments, where the data points are tightly concentrated. This can be explained by the facts that: (1) all clay particles detected are of dioctahedral composition and thus formed within the clay matrix, and (2) the Mg incorporated into the clay proceeds mainly from the glass because Mg concentration in the water is low (Fig. 1) . Magnesium was much more abundant in the other three waters and it contributed much more to the formation of clay, especially of trioctahedral composition. For this reason, their corresponding plots in Figure 5 show no connection between the Mg increase in the neoformed clay, as a horizontal trend, and the vertical trend of the Si/Al+Mg+Fe values. Possibly, many of these particles were formed by precipitation from solution.
The higher Mg content in the clay from hypersaline biological experiments is explained by the thick microbial biofilm that encapsulated the glass grains and where a high concentration of Mg-rich salt existed (Fig. 2a) . Such an environment contained so much dissolved Mg that this element may have been sufficiently available to be taken up by the reacting glass in the in situ transformation process, or the high-Mg concentration may have promoted clay precipitation from solution. Seawater experiments did not experience Mg-rich clay formation because the biofilm did not enclose the glass grains and there was no Mg enrichment in their proximity. The exponential increase of dissolved Si with time in the experiments (Fig. 1) suggests that precipitation of clay from solution would be more likely toward the end of the experiments, when silica activity was higher. The highest Si concentrations occurred in the hypersaline water. Interestingly, the biological experiments had Si concentrations roughly half of those from the control experiments, which may indicate silica uptake through trioctahedral clay formation within the Mg-rich biofilm environment.
The fact that Si concentrations in solution increased exponentially with time in three out of the four experiments (Fig. 1) may be explained by the mechanism of in situ transformation of the glass into clay. The increased Si release into solution suggests the creation of a Si-phase more soluble than the glass. Such phase could be the glass itself after atom rearrangement and clay formation, as this transformation would leave parts of the glass depleted from cations and consisting of silica almost exclusively, where silica tetrahedra may form a relatively open framework and/or the residual glass may have a largely increased surface-to-volume ratio, both of which facts would render this residue more soluble. Such phase would be more abundant as the reaction progressed and more clay formed within the glass. The existence of cation-depleted glass is shown in our results (Figs. 4 and 5) but the existence of a residual silica phase of enhanced solubility is only a conjecture.
The clay composition data from the freshwater lake showed Figure 4 . In the present figure, the data points that appear to fall within a continuous chemical trend of glass transformation that leads from the original glass composition toward the formation of dioctahedral clay (lower part of the curve) and toward Al-Mg-Fe-depleted glass (higher part of the curve) are represented as black dots ("Transf" data points). The data points outside this trend are represented by hollow dots ("Other") and correspond to trioctahedral clay formation or glass alteration toward it.
the trend opposite to that of the hypersaline water. The biological experiments with lake fresh water produced mainly dioctahedral clay, and the inorganic experiments produced mainly trioctahedral clay. Because the biological experiments produced results more similar to the majority of the other experiments (i.e., all spring and seawater tests; inorganic test in hypersaline water), the conclusion is that it is the control experiments that behaved in a contrasting manner. The cause of this behavior in the inorganic experiments must be sought in the lake fresh water, because the water is the only factor different from the other inorganic experiments. Indeed, the original pH of this water (9.00) was the highest (Fig. 1) . We explored the possible consequences of pH and water chemistry by assessing cation activities in solution and plotting them on mineral stability diagrams. This was done for the inorganic experiments of the two freshwaters. Comparison of these two cases should indicate the cause for the different behavior of the freshwater lake tests because, although the two fresh waters had the most similar chemistry, they produced different clay composition. The activities were assessed using the PHREEQC Interactive software. Because anions were measured only in the original solutions, the ion speciation and activity calculations could not be carried out rigorously for the solutions after reaction. We opted for plotting the range of values from ion concentration (measured experimentally) to activity (calculated with PHREEQ) for the original solutions and then assumed that the difference between concentrations and activities would be similar in the solutions after reaction, which were also plotted. Thus, the assessment provides an approximate range of species activities. ] plots were used corresponding to two levels of Al activity (Birsoy 2002) that are likely to bracket our experimental values (Fig. 8) . Saponite is not included in the plots but it would occupy an intermediate position between the talc and montmorillonite fields. The results indicate that the freshwater lake solutions fall closer to or within the trioctahedral phases (talc and saponite), whereas the spring water solutions plot deeper into the montmorillonite field, in agreement with our clay composition data.
However, solution thermodynamics should not be the only control of clay chemistry and cannot explain completely the results of the freshwater experiments from the lake. The reason is that glass composition is an important controlling factor of clay chemistry, and it should be assumed that the glass transformation mechanism producing dioctahedral clay was operating also in these experiments. Thus, to generate a clay particle population where trioctahedral clay was most abundant, kinetic effects must have also been important in the inorganic freshwater lake experiments so that trioctahedral clay was generated faster than dioctahedral clay (the latter produced by glass transformation). In fact, kinetic factors would ally with mineral stability factors because the formation rates of trioctahedral smectite are higher than those of dioctahedral smectite (Huertas et al. 2000) , especially at surface temperature (Kloprogge et al. 1999) . Solutions with activity values within the montmorillonite (dioctahedral) field but next to that of saponite-talc (trioctahedral) will probably produce saponite rather than montmorillonite because of the faster formation rate. The formation of trioctahedral smectite in the inorganic freshwater lake experiments probably took place mainly in the bulk solution but there is evidence from other experiments (Figs. 2b and 2c ) that it also operated at the surface of glass grains or their immediate vicinity. In such process, the competition with dioctahedral clay formation would have been most efficient. The clay in the biological experiments with lake fresh water must have been produced in a similar way in the initial phases of the experiment, i.e., before the biofilm encapsulated the glass grains (open squares in the trioctahedral field in Fig.  6 ). When the glass was enclosed within the biofilm, however, the water conditions must have changed and slowed down the process of trioctahedral clay production so that dioctahedral clay was finally more abundant (Fig. 6) . The most obvious change in local water conditions taking place with the biofilm encapsulation is a pH decrease caused by the usually acidic character of the EPS and by exudation of protons, CO 2 and organic and inorganic acids by the microorganisms (Barker et al. 1997; Valsami-Jones and McEldowney 2000) . Such a local pH decrease would result in conditions further within the montmorillonite stability field (Fig. 8) and in a substantial decrease of the formation rate of trioctahedral clay or perhaps in the suppression of this process.
Time effect on chemical controls of the neoformed clay
The results from this study should be placed in the context of the length of the alteration process, as it appears that the neoformed clay composition depends on the duration of the alteration. Long-term alteration generally produces clay whose composition is controlled by water chemistry (Cerling et al. 1985) and temperature, for which reason the clay chemistry can record climatic conditions and hydrous regimes (Chamley 1989 ). Further to this, studies of smectite composition in bentonite have shown that: (1) the chemistry of smectite is linked, with small but measurable variations, to the length of the alteration, causing a drift of the smectite composition with time (Caballero et al. 1992) , and (2) similar differences in smectite composition are related to the chemistry of the altering waters (Christidis 2008) . In both studies, the investigated bentonites were completely altered, i.e., they did not represent stages of partially altered volcanic material. Contrary to the above, the chemistry of clay formed at the initial alteration stages of volcanic glass can be largely controlled by rock chemistry, even at high water-rock ratios. Ghiara et al. (1993) used a 25:1 water:glass mass ratio in the hydrothermal alteration of basaltic glass, with Al/Mg atomic ratio of ∼1.8, by deionized water, which produced saponite, phillipsite and analcime. Analysis of the fluids after the experiments showed them to be in equilibrium with montmorillonite and analcime. Thus, the formation of saponite must have been driven by the chemistry of the glass. Experimental hydrothermal alteration of rhyolitic glass with higher Al/Mg atomic ratio, of ∼5, by de la Fuente et al. (2002) , using the same water:glass mass ratio and solutions of varying Na/K ratios, produced smectite-rich illite-smectite of montmorillonitic composition. The Al-rich clay product is consistent with the higher Al/Mg ratio in the glass. Besides, the large variation of Na/K ratios in the solution (0.01-100) had no effect on the resulting relative smectite-to-illite ratio, which also suggests glass chemical control on the reaction. In agreement with these results, major glass control on smectite chemistry was reported by Alt and Mata (2000) in submarine basaltic glass alteration where the assessed water:rock mass ratio was ∼43. The same appears to be true of the alteration of crystalline silicates. Early weathering of amphibole grains have been reported to produce different clay minerals (Al-or Mg-rich) on different crystallographic cleavage surfaces depending on Mg leachability (i.e., availability to be incorporated in the neoformed clay) on the corresponding surface (Proust et al. 2006) . These reports are in agreement with our results and interpretation of a dominant mechanism of in situ glass transformation.
In contrast to the above, Thomassin et al. (1989) found that the control on the chemical composition of the neoformed clay in experimental alteration of synthetic basaltic glass depended on the water:glass ratio. The experiments reported here also provide examples of the formation of clay controlled by water chemistry (biological hypersaline, inorganic freshwater lake) rather than glass composition. Thus, predominant rock control on alteration of igneous rock to clay may not necessarily be linked to low water:rock ratios as interpreted by some authors (e.g., Giorgetti et al. 2009 ). Our data and the above discussion indicate kinetic effects as important in determining the relative control on the clay chemistry at least at the first stages of alteration. Atomic rearrangement in the glass appears to be faster than glass dissolution and precipitation for a wide range of water composition. However, water chemistry (pH, Mg concentration) can be such that clay precipitation from solution becomes faster, or the uptake of species by the reacting glass surface is also fast and incorporates these species into the in situ transformation reaction. Temperature is plausibly another important factor to explore in this connection, linked both with kinetics and thermodynamics, although not discussed here. In the long term, stability conditions take over if water-rock interaction continues. After thorough alteration has taken place, the chemical evolution of the produced clay tends to reflect water composition so that the clay approaches equilibrium with water chemistry.
Microbial effect on clay formation
Our experiments indicate that microorganisms in aquatic environments are efficient controls of the chemistry of neoformed clay by generating biofilms of low permeability that entrap mineral grains and within which biofilms water chemistry can be significantly different from that in the surroundings. The efficiency of biofilms as a chemical barrier from bulk solutions has been demonstrated (Aouad et al. 2006) . Water chemistry within biofilms is modified by several mechanisms such as cellular activity as discussed above, selective adsorption of cations on organic tissue (Konhauser et al. 1993; Lalonde et al. 2007 ), possibly by concentration of ions from dissolving entrapped minerals (Staudigel et al. 1995) , concentration of solutes from the bulk solution as observed in this study, etc. Even if mineral grains susceptible of alteration are not trapped in the biofilm, the longterm interaction of dissolved species penetrating the biofilms can produce clay precipitation whose composition will probably differ from that of purely inorganic origin in the surrounding environment. This phenomenon is suggested by the common formation of Fe-rich smectite (with a range of Al-Fe composition) within freshwater biofilms (Konhauser and Urrutia 1999) and nontronite reported within submarine biofilms (Ueshima and Tazaki 2001 ). Iron appears to be preferentially adsorbed on microbial walls and EPS fibers, where it reacts with dissolved or colloidal Si and Al to form clays in a catalytic process (Konhauser and Urrutia 1999; Ueshima and Tazaki 2001) .
In nature, the global effectiveness of these biofilms to control the chemistry of the neoformed clays depends on two factors. First, the tightness of the biofilm, because only sufficiently closed systems allow a building up of dissolved species that can modify the clay composition from that which would result from inorganic conditions. This is demonstrated by the absence of biological control in our experiments with seawater, where the biofilm did not enclose the glass grains and they were exposed to altering fluid with the chemistry of the bulk solution, i.e., with no increased or modified ion concentrations. Second, the effectiveness of biological control on clay neoformation depends on the continuous reconstruction of the biofilm, by which it traps or covers new, yet unaltered sediment or rock. After the mineral grains in contact with the biofilm have been thoroughly altered the microbial activity will no longer have an effect on clay formation through direct alteration. In such a case, the biofilms could concentrate cations from solution and cause clay precipitation but this process depends on the inorganic alteration and dissolution of the rock or sediment, which would then be the main control on clay formation. The question is then whether the dynamics of biofilms is such that they are rebuilt or extended to new areas so that there is a constant turnaround of new unweathered material entrapped within them or, rather, the biofilms are so stable that after some time they encapsulate only the alteration products. In the latter case, the influence of biofilms in the control of clay composition would be limited.
It was not possible to test whether microbial activity in our experiments accelerated clay formation because the very low clay concentration levels did not allow quantitative analysis (e.g., X-ray diffraction or infrared spectroscopy). Neither was it possible to produce a visual assessment of the extent of glass weathering using images from the cryo-SEM analysis because much of the surface of glass grains was covered with biofilm, precluding observation. Thus, no evidence could be gathered about possible different clay formation rates in control and biological experiments. It can be speculated that the rate was similar in biological and control experiments where the mechanism of clay formation was the same (in situ glass alteration) and the range of clay composition was very similar, as in the spring and seawater tests. For the hypersaline and freshwater lake waters, where more than one mechanism of clay formation may have operated, and where the composition of the clay was different between control and biological experiments, clay formation rates may have also differed. As indicated above, Mg-rich trioctahedral smectite crystallizes faster than Al-rich, dioctahedral smectite. The issue of biological modification of clay formation rate is important to assess large-scale geochemical effects of biological activity. Many authors sustain that, overall, biota accelerates mineral weathering (Barker et al. 1997) , which should, in principle, result in accelerated clay formation (Kennedy et al. 2006) . Evidence exists for faster silicate dissolution induced by microorganisms but there is no observation of a concomitant accelerated clay formation (Thorseth et al. 1995; Staudigel et al. 1995; Ullman et al. 1996; Barker et al. 1998; Song et al. 2007; Balogh-Brunstad et al. 2008) . It needs also to be considered that microbial mats may have long-term effects of reduction of mineral weathering by protecting mineral surfaces with layers of stable, secondary minerals and biological material (Staudigel et al. 1995) . Further investigation is needed to assess biological effects on clay formation rates.
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